Objective: The relationship between serum levels of calcium, parathyroid hormone (PTH) and risk of venous thromboembolism (VTE) has not been addressed in population-based cohorts. We investigated the associations between serum levels of calcium and PTH, with future risk of VTE in a general adult population. Design: Population-based cohort. Methods: A total of 27 712 subjects (25-87 years) who participated in Tromsø 4 (1994Tromsø 4 ( -1995 and Tromsø 5 (2001Tromsø 5 ( -2002 surveys were included in the study, and total calcium and PTH were measured in 27 685 and 8547 subjects respectively. Incident VTE was recorded through December 31, 2012. Cox-regression models with calcium and PTH as time-varying exposures were used to calculate hazard ratios (HR) of VTE by quartiles of calcium and PTH. Quartiles of calcium and PTH were also combined to assess the effect of discordants of both PTH and calcium (e.g. highest and lowest quartiles of both calcium and PTH) on VTE risk using the middle two quartiles as reference. Results: There were 712 VTEs during 15.0 years of median follow-up. Serum levels of calcium and PTH were not associated with risk of VTE. However, subjects with discordant high serum levels of both calcium and PTH (calcium ≥2.45 mmol/L and PTH ≥4.0 pmol/L) had increased risk of VTE compared to those in subjects with normal calcium and PTH (multivariable HR: 1.78, 95% CI: 1.12-2.84). Conclusions: Serum levels of calcium and PTH separately were not associated with future risk of VTE, but subjects with high levels of both calcium and PTH had increased risk of VTE compared to those in subjects with normal levels.
Introduction
Parathyroid dysfunction is among the most common endocrine disorders. Primary hyperparathyroidism, with an annual incidence of about 20 cases per 100 000, is the most frequent (1), caused by autonomous production of parathyroid hormone (PTH) by one or more of the parathyroid glands. PTH is a key hormone in calcium homeostasis with an inverse relation to ionized calcium under normal conditions. Low serum ionized calcium triggers the secretion of PTH from the parathyroid glands resulting in a rise in serum ionized calcium, whereas high serum levels of ionized calcium inhibits PTH secretion (2) . Patients with primary hyperparathyroidism, and consequently, chronic hypercalcemia have increased plasma levels of hemostatic factors and coagulation activators, including factor VII (FVII) and X (FX), D-dimer and plasminogen activator inhibitor-1 (PAI-1), which may induce a hypercoagulable state in these patients (3, 4, 5) . Population-based cohort studies have also demonstrated that serum calcium and PTH are independent risk factors for myocardial infarction in middle-aged men (6) and cardiovascular mortality in elderly men (7) respectively.
Venous thromboembolism (VTE), comprising deep vein thrombosis (DVT) and pulmonary embolism (PE), is a common disorder with serious short-term and longterm complications, and a potentially fatal outcome (8, 9) . The incidence of VTE is 1-2 per 1000 persons per year in the general population, with a steep incline with age. Even though many environmental and inherited risk factors have been associated with VTE (8, 9, 10, 11, 12) , still many of the events occur without any obvious risk factor (13, 14, 15) . Therefore, it is important to identify biomarkers and risk behaviors of VTE that could be subject to modification to reduce the disease burden.
Risk factors for VTE often involve an imbalance of the hemostatic system in a prothrombotic direction (16, 17) . Therefore, a possible hypercoagulable state in patients with primary hyperparathyroidism could potentially imply an increased risk of VTE in these patients. To the best of our knowledge, the relationship between serum calcium, PTH and the future risk of VTE has not previously been addressed. We therefore set out to examine the associations between serum levels of calcium and PTH and future risk of VTE in a general adult population.
Subjects and methods

Study population
Participants were recruited from the fourth and fifth surveys of the Tromsø study (conducted in 1994-1995 and 2001-2002 respectively) (18) . To the fourth survey, all men and women aged ≥25 years living in the municipality of Tromsø, Norway, were invited to participate. A subgroup was invited to a second more extensive screening that included blood samples for hormone analysis. In the fifth survey, all men and women, who participated in the second screening of the fourth survey or became 30, 40, 45, 60 or 75 years old during 2001, were invited to participate. The overall attendance rate was close to 80% in both surveys. A total of 27 844 unique individuals aged 25-87 years participated in at least one survey and were thereby eligible for our study. A detailed description of study participation has been published elsewhere (18) . The study was approved by the Regional Committee of Medical and Health Research Ethics, and all participants gave their informed written consent to participate. Subjects who were not officially registered as inhabitants of the municipality of Tromsø at baseline (n = 22), and subjects with a known pre-baseline history of VTE (n = 59) were excluded from the study. Furthermore, subjects were excluded if they had missing values of calcium and PTH (n = 51) in both visits. In total, 27 712 subjects were included in the study (Fig. 1) and followed from the date of enrollment through the end of the study period, December 31, 2012.
Measurements
Baseline information was collected by physical examinations, blood samples and self-administered questionnaires (19) . Information on arterial cardiovascular diseases (CVD) (angina pectoris, myocardial infarction (MI) and stroke), current daily smoking and physical activity (≥1 h per week) during leisure time was collected from the questionnaires. Height and weight were measured, and body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ). Blood pressure was recorded with an automatic device (Dinamap Vital Signs Monitor 1846; Critikon Inc., Tampa, FL, USA). Participants rested for 2 min in a sitting position before three readings were taken on the upper right arm at 2-min intervals. The average of the two last readings was used in the analysis. Non-fasting blood samples were collected from an antecubital vein, serum prepared by centrifugation after 1 h respite at room temperature, and further analyzed at the Department of Clinical Chemistry, University Hospital of North Norway. The Hitachi Model 917 analyzer was used to quantify total serum concentrations of calcium and creatinine with Figure 1 Flow chart of the follow-up of subjects included from the fourth (1994/1995) 
Venous thromboembolism ascertainment
All incident VTE events during follow-up were identified by searching the discharge diagnosis registry, the autopsy registry and the radiology procedure registry at the University Hospital of North Norway as previously described (21) . The University Hospital of North Norway is the only hospital in the region, and all diagnostic radiology and hospital care is provided exclusively by this hospital. The medical record for each potential case of VTE was reviewed by trained personnel, and a VTE event was considered verified and recorded when the presence of clinical signs and symptoms of DVT or pulmonary embolism were combined with objective confirmation tests (by compression ultrasonography, venography, spiral computed tomography, perfusion-ventilation scan, pulmonary angiography and autopsy) and resulted in a VTE diagnosis that required treatment. VTE cases from the autopsy registry were recorded when the death certificate indicated VTE as a cause of death or a significant condition associated with death. Concurrent DVT and PE were registered as PE, and only the first lifetime symptomatic, objectively confirmed VTE events during follow-up were included in the analyses. Among patients diagnosed with DVT, only patients with clinical signs and symptoms that indicated PE were screened for PE. Based on the presence of provoking factors at the time of diagnosis, the VTE event was classified as unprovoked (no provoking factors) or provoked (≥ one provoking factors). Major surgery, trauma or an acute medical condition (acute MI, ischemic stroke or major infectious disease) within 8 weeks prior to the event, active cancer at the time of the event or marked immobilization (e.g. bed rest ≥3 days, wheelchair, or long distance travels ≥4 h within 14 days prior to the event) were considered as provoking factors.
Statistical analysis
Date of the study enrollment for each individual was determined as the date of attendance in the first survey in which calcium or PTH measurements was available.
Person-years were accrued from the date of enrollment to the date a VTE event was first diagnosed, the date of migration or death or at the end of the study period (December 31, 2012), whichever came first. We used a time-varying analysis that allowed participants (n = 7183) who were re-measured in Tromsø 5 to change (update) levels of PTH and calcium over time. In total, 27 712 individuals contributed with 34 605 observational periods. Statistical analysis was carried out using STATA version 14.0 (Stata Corporation, College Station, TX, USA). Cox-proportional hazards regression models were used to estimate hazard ratios (HR) with 95% confidence intervals (CI) for all VTE events, as well as for DVT and PE, and for provoked and unprovoked VTE, by increasing levels of calcium and PTH. Calcium, PTH and potential confounders were entered as time-varying co-variates. Age was used as time-scale, and the subjects' age at study enrollment was defined as entry-time, and exit-time was defined as age at date of VTE diagnosis, death, migration or study end. HRs for all VTE events were estimated in analyses adjusted for age (time-scale) and sex, and in multivariable analyses with further adjustment for BMI. Multivariable adjusted HRs of VTE according to continuous levels of calcium and PTH were visualized by generalized additive regression plots. In these plots, the exposures (log transformed calcium and PTH respectively) were modeled with a 4-degree of freedom smoothing spline fit in Cox-proportional hazard models including the same co-variates as described above. HRs of VTE according to quartiles of calcium (<25th percentile: 1.77-2.31 mmol/L, 25-50th percentile: 2.32-2.37 mmol/L, 50-75th percentile: 2.38-2.44 mmol/L, >75th percentile: 2.45-3.00 mmol/L) and to quartiles of PTH (<25th percentile: 0.1-2.1 pmol/L, 25-50th percentile: 2.2-2.9 pmol/L, 50-75th percentile: 3.0-3.9 pmol/L, >75th percentile: 4.0-26.8 pmol/L) were calculated and the first quartile in both models was used as the reference category. Cox-regression models were additionally performed to test for linear trends across these categories.
By combining the quartiles of calcium with the quartiles of PTH, wherein quartile 2 and 3 of both calcium and PTH was first merged to one category (25-75th percentile), totally nine combined categories of PTH and calcium were generated, making it possible to assess the effect of the extremities and discordants of PTH-and calcium levels on VTE risk. These categories were defined as 'low' (<25th percentile), 'normal' (25-75th percentile) and 'high' (<75th percentile). The category comprising 'normal' calcium and PTH levels only (calcium: 2.32-2.44 mmol/L and PTH: 2.2-3.9 pmol/L) was used as the reference category. We also examined the apparent effects of discordant levels of PTH and calcium on VTE risk in a cause-specific analysis where subjects who developed MI, stroke or cancer were censored at the date of event. Events of MI, stroke and cancer were validated by an independently endpoint-committee as previously described (22, 23, 24) .
Statistical interactions with sex were tested for all risk factors by including cross-product terms in the proportional hazard models, and no interactions were found. The proportional hazard assumption was verified by the use of Schoenfeld residuals and by evaluating the parallelism between the curves of the log-log survivor function for different categories of calcium and PTH.
Results
Baseline characteristics of study participants across quartiles of total serum calcium are shown in Table 1 . Subjects with calcium in the upper quartile (2.45-3.00 mmol/L) had higher BMI, blood pressure, triglycerides, total cholesterol and HbA1c. Furthermore, subjects in the upper quartile were more likely smokers, less physical active and they were less frequently women compared to those in the lowest quartile. As expected, we observed an inverse relationship between calcium and PTH (Table 1) . Baseline characteristics of participants across quartiles of serum PTH are shown in the Supplementary Table 1 (see section on supplementary data given at the end of this article). Subjects with PTH in the upper quartile (4.0-26.8 pmol/L) were older and had higher BMI, blood pressure and triglycerides, lower HDL cholesterol and were less physically active. Subjects in the upper quartile of PTH were also less likely smokers and had a higher proportion of prior CVD (Supplementary Table 1 ). There were 712 validated incident VTE events during a total of 100 696 person-years of follow-up. The median time from calcium and/or PTH measurement to the end of each follow-up period was 11.6 years (range: 0.02-18.32), whereas the overall median follow-up time was 15.0 years (range: 0.02-18.32). The overall crude incidence rate of VTE was 1.77 per 1000 person-years (95% CI: 1.64-1.90). Characteristics of VTE patients at the time of the event are shown in Table 2 . Among the subjects with incident VTE, 58.1% had DVT, 41.9% had PE, and 296 events (41.6%) were classified as unprovoked. Cancer was the most common provoking factor (24.1% of the VTE patients had a cancer-related VTE), followed by immobilization (23.3%) ( Table 2) .
When analyzing calcium as a continuous variable, no association was found between levels of calcium and VTE after adjustments for potential confounders (Fig. 2) . The incidence rates and relative risks (HRs) of total VTE and subtypes of VTE across quartiles of total serum calcium are shown in Table 3 . Subjects in the highest quartile of serum calcium did not have higher risk of total VTE or subtypes of VTE compared to subjects in the lowest quartile of VTE in either age-and sex adjusted analyses or multivariable analyses. Furthermore, there was no linear trend in increased risk of total VTE or subtypes of VTE across categories of increasing total serum calcium. Similar analyses were performed to explore the association between serum PTH and future risk of total VTE and subtypes of VTE (Table 4) . No association was found between categories of serum PTH and future risk of total VTE or subtypes of VTE. Moreover, there was no association between levels of PTH and VTE when PTH was analyzed as a continuous variable (Fig. 3) .
In order to investigate whether discordants of the PTH-calcium axis (e.g. highest and lowest quartiles of both PTH and calcium respectively) would influence the VTE risk, we combined quartiles of serum calcium and PTH using the middle two quartiles (25-75th percentile) as reference ( Table 5 ). The subjects within the highest categories of calcium and PTH (calcium ≥2.45 mmol/L and PTH ≥ 4.0pmol/L) had 1.8-fold higher risk (HR 1.75, 95% CI: 1.10-2.78) of VTE compared with those with serum calcium and PTH in the two middle quartiles. In the multivariable model, the risk estimate increased slightly (multivariable HR: 1.78, 95% CI: 1.12-2.84 (Table 5) . Further adjustments for smoking, HbA1c and eGFR did not alter the results (data not shown). The risk estimates for VTE by the highest categories of calcium and PTH remained essentially unchanged after censoring for MI and stroke (multivariable HR: 1.63, 95% CI: 0.95-1.60), and when censoring for cancer (multivariable HR: 1.76, 95% CI: 1.01-3.09) in the cause-specific analysis. ‡ other diseases within the previous year (myocardial infarction, ischemic stroke, heart failure, inflammatory bowel disease, chronic infections, chronic obstructive pulmonary disease or myeloproliferative disorders); § other factor specifically described as provoking in the medical record (e.g. intravascular catheter). VTE, venous thromboembolism. Likewise, subjects within the lowest categories of calcium and PTH (calcium <2.32 mmol/L and PTH <2.1 pmol/L) had 1.6-fold higher risk (multivariable HR: 1.63, 95% CI: 0.98-2.69) of VTE compared with those with serum calcium and PTH in the two middle quartiles (Table 5 ). In cause-specific analysis where the impact of cancer was eliminated, the association between the lowest categories of calcium and PTH and VTE risk was strengthened (multivariable HR: 1.81, 95% CI: 1.02-3.21).
Discussion
In the present study, we aimed to investigate whether serum levels of calcium and PTH influenced the risk of VTE. We confirmed an inverse association between serum levels of PTH and calcium, and found that neither increased serum levels of PTH nor total serum calcium alone were associated with future risk of total VTE or VTE subtypes. However, discordant high serum levels of both PTH and total calcium were associated with a 78% increased risk of VTE in multivariable analysis adjusted for age, sex and BMI. Our results are unchallenged as this is the first population-based study to investigate the associations between serum levels of calcium and PTH, and future risk of VTE in a general population. We found that neither serum calcium nor serum PTH was associated with future risk of VTE. Our findings are supported by a randomized clinical trial reporting no effect on VTE risk by daily supplementation with calcium and vitamin D for 7 years in postmenopausal women (25) . In contrast, recent metaanalyses of prospective studies have reported that both serum PTH and calcium were significantly associated with risk of arterial cardiovascular diseases and mortality (25, 26) . We found, however, that high serum levels of both PTH and calcium was associated with increased VTE risk after adjustment for age, sex and BMI. It is not known whether the effect is mediated by indirect (e.g. arterial cardiovascular diseases) or direct prothrombotic mechanisms (e.g. prothrombotic imbalance of the hemostatic system).
In agreement with previous studies (27, 28) , we found that high levels of serum PTH and calcium was associated with an unfavorable profile of some atherosclerotic risk factors such as high blood pressure, and high total cholesterol and triglycerides. A recent systematic review and meta-analysis of prospective studies showed a HR of 1.08 (95% CI: 1.04-1.13) for arterial cardiovascular events by one standard deviation increase in serum calcium, which was marginally weakened by adjustment for atherosclerotic risk factors (27) . Similarly, a systematic review and meta-analysis of prospective studies demonstrated that subjects in the highest quartile of serum PTH had 45% increased risk of cardiovascular events compared to those with PTH levels in the lowest quartile (26) .
Among traditional atherosclerotic risk factors, only age, obesity and a family history of MI are shared risk factors for VTE (29, 30, 31, 32) , whereas high blood pressure and dyslipidemia are only associated with high serum PTH and calcium (28, 33, 34) . Thus, it is unlikely that atherosclerotic risk factors could explain the association between high levels of serum PTH and calcium and VTE risk. Observational studies have displayed a transient association between MI and stroke and future risk of VTE in the general population (23, 35, 36) . Further, high serum levels of PTH and calcium are individually associated with arterial cardiovascular events (e.g. stroke and MI). Therefore, the apparent VTE risk by high levels of calcium and PTH could be mediated by arterial CVD. Additionally, hypercalcemia is relatively common in patients with cancer (37) . In order to explore whether the apparent association was explained by arterial CVD (MI and stroke) and cancer, we performed cause-specific analyses where subjects were censored at the first occurring event. These findings suggest that intermediate development of arterial CVD and cancer had minor impact on the association between high levels of calcium and PTH and VTE risk.
The observed association between high serum levels of PTH, calcium and VTE risk may be explained by a direct relationship. Calcium is an essential co-factor in the coagulation cascade, and several studies have shown associations between calcium, PTH and concentrations of hemostatic factors and coagulation activators (3, 4, 5) , suggesting that high calcium and PTH causes an imbalance in the hemostatic system in an unfavorable prothrombotic direction. In a study of 35 patients with primary hyperparathyroidism and 25 control subjects, PAI-1 was found to be higher in the patients than that in the controls, and correlated with PTH levels in all subjects (3). In a case-control study, patients with primary hyperparathyroidism had higher levels of factor VII, factor X and D-dimer levels compared to controls (4) , and a later case-control study revealed that patients with primary hyperparathyroidism had increased PAI-1 and lowered TFPI levels compared to those in controls (5) . High levels of these factors have been associated with increased VTE risk in several studies (17, 38, 39, 40) .
Despite a reasonable biological rationale for the impact of high serum calcium and PTH on VTE risk, we also observed an apparent higher VTE risk in subjects with low levels of calcium and PTH. The mechanism(s) underlying this surprising finding is not known. However, a recent meta-analysis reported an inverse association between calcium and subsequent breast cancer risk in prospective cohorts, and the results did not alter when they restricted the analyses to participants with calcium levels within the normal range (41) . There is also several mechanisms by which cancer can cause low serum PTH in cancer subjects (42) . However, the apparent association between low levels of calcium and PTH and VTE risk in our study remained unchanged after censoring for cancer.
The main strengths of our study include the prospective design, the large number of participants recruited from a general population, the high attendance rate, the longterm follow-up and the validated VTE events. As calcium and PTH are modifiable, some participants' individuals risk profiles may change during follow-up, leading to regression dilution bias and an underestimation of the associations. The longer the time is between exposure assessment and disease manifestation, the more present is this issue. However, an advantage of our study is the repeated measurements of participant characteristics during follow-up, which allowed for changes in calcium and PTH over time. Moreover, the cause-specific approach eliminated the potential effect of MI, stroke and cancer on the risk of VTE. Conversely, our study has some limitations. Measurements of ionized calcium and albumin were not available in our study, and therefore, we used total serum calcium. Total serum calcium will not only reflect the calcium physiology but also be a function of the serum albumin level. Information on use of glucocorticoids was not available in our study and could therefore not be taken into consideration. Furthermore, creatinine was only available for 44% of the eligible population. Finally, the serum samples from 1994 had been stored frozen for many years before analysis, and there appeared to have been some degradation of PTH during storage (43) . However, a strong correlation between serum PTH values from 1994 and 2001 do indicate that the degradation was similar in all samples (43) . If there existed an uneven degradation, this would most likely mask rather than introduce an association between PTH and VTE. In our population-based cohort study, serum levels of calcium and PTH separately were not associated with future risk of VTE, neither by a continuous nor by a categorical approach. However, subjects with high levels of both calcium and PTH had increased risk of VTE compared to subjects with normal calcium and PTH.
